In a previous paper (1), a method has been described for the isolation from complex organic material of a microorganism capable of decomposing the capsular polysaccharide of Type III Pneumococcus. The principle of this method consists in the use of a selective medium containing as sole source of carbon a small amount of Type III capsular polysaccharide. In this medium, many of the irrelevant bacteria are rapidly eliminated, and only those organisms are selectively stimulated which are potentially capable of decomposing the polysaccharide in question.
Although the medium used had been originally devised for the isolation of the specific organism, it was found that, from cultures of the organism in this medium, an enzyme could be obtained which was capable of decomposing the capsular polysaccharide in the absence of living cells or even cell debris.
Although the synthetic medium--or modifications of it--has lent itself on severM occasions to the isolation of organisms adapted to specific purposes, the fact was soon recognized that it was far from being satisfactory for the production of the enzyme. The occasional failure to obtain any active enzyme from cultures of the "S III bacillus" in the original, synthetic medium, led us to investigate the possibility of developing a more dependable technique.
The present paper is concerned with practical methods of production, purification, and concentration of the enzyme, with special regard to the composition of the medium, conditions of incubation of the culture, methods of extraction of the enzyme, and the influence of these factors on the potency and primary toxicity of the preparations.
the synthetic mineral medium containing the capsular polysaccharide (0.002 per cent) as sole source of energy. For each experiment, the culture is transferred to a medium consisting of a 1 per cent casein hydrolysate (at pH 7.0) in which it grows abundantly. The bacilli are separated from the 18 hour old culture by centrifugalizafion and washed once in saline before being used for inoculation of the test medium.
2.
Medium.--The capsular polysaccharide was prepared from a strain of Type III Pneumococcus by the method previously described (2) . The yeast extract used in these experiments is a commercial preparation available under the name "Difco yeast extract." The casein hydrolysate is also a commercial preparation known as "Tryptophane broth."
The soil extract was prepared by heating garden soil with an equal weight of 0.1 per cent sodium carbonate solution for 30 minutes at 15 lbs. pressure.
Serological Method for Following the Decomposition of the Specific Polysaccha-
ride.--The presence or absence of the specific substance in the test fluid was determined by the precipitin reaction.
0.5 cc. of the fluid to be tested was added to 0.2 ec. of Type III antiserum 1 and the mixture brought to a volume of 1 ce. by the addition of salt solution. Since the precipitation test gives a positive result with a concentration of specific substance as low as 1:5,000,000, the absence of a positive precipitin reaction was interpreted as evidence of complete decomposition of the specific polysaccharide.
Method of Enzyme
Titration.--As previously shown (1), there exists a definite quantitative relationship between the amount of specific polysaccharide decomposed and the quantity of enzyme used. The existence of this relation makes it possible to titrate the potency of any given enzyme preparation by the following method.
Varying amounts of the preparation to be tested are added to 1 cc. of a standard solution of Type III capsular polysaccharide (0.001 per cent concentration) adjusted at pH 7.0 with phosphate buffer. The mixtures are made up to 1.5 cc. and incubated for 18 hours at 37°C. in the presence of toluene. They are then tested for the presence of specific polysaccharide by the serological method.
The smallest amount of enzyme capable of completely decomposing the standard amount of capsular substance (0.01 mg.) under these conditions is a measure of the potency of the preparation. It has been found convenient to express the potency of any given preparation in terms of units. A unit of enzyme is defined as one hundred times the smallest amount which will bring about the complete decomposition of 0.0i mg. of the purified specific capsular polycaccharide in 18 hours at 37°C. The number of units per cc. of preparation is the reciprocal of this smallest amount (expressed in cc.).
For instance, if it takes 0.001 cc. of a certain enzyme preparation to decompose the standard amount of capsular polysaccharide, the potency of the preparation 1 will be 0.001 x 100 -10 units per 1 cc.
It has been reported previously (1) that the S III bacillus grows abundantly on several common bacteriological media such as nutrient broth, peptone solution, casein hydrolysate, etc. The following experiment deals with attempts to determine whether the organism is capable of producing the specific enzyme in media not containing the capsular polysaccharide.
Effect of the Presence or Absence of the Capsular Polysaccharide in the
Medium on the Production of the Specific Enzyme by the SIII Bacillus Experiment 1.--Three tubes each containing 5 cc. of casein hydrolysate medium, a fourth tube containing 1 per cent of galactose in 5 cc. of basic mineral medium, and a fifth tube containing 0.005 per cent of capsular polysaccharide in 5 cc. of basic mineral medium, were inoculated with a young culture of the S III bacillus, and the cultures incubated at 37°C. for 48 hours. The cells from two of the cultures in casein hydrolysate were separated by centrifugalization and resuspended in 5 cc. of saline; they were then broken up in one case by repeated freezing and thawing, in the other by extraction at 37°C. for 2 days in the presence of toluene.
The whole cultures and the cell extracts were then titrated for the presence of active enzyme; the results of the titrafions are given in Table I .
The results of this experiment indicate that no appreciable amount of specific enzyme was formed when the capsular polysaccharide was not present in the medium. It is worth stating here that the growth was very scant in the specific substance medium although it was fMrly abundant in the casein or galactose medium. This shows that the amount of growth is no measure of enzyme production.
The significance of this experiment becomes greater when it is realized that similar tests have been made with over 50 different media including simple and complex saccharides, organic acids, alcohols, pep-tones, etc., in dilutions ranging from 0.01 to 2 per cent. Apart from the specific polysaccharide only one other substance caused the production of the specific enzyme by the S III bacillus, and this was the aldobionic acid derived from the capsular polysaccharide of Type III Pneumococcus. When, however, another aldobionic acid was used, i.e. that derived from gum arabic, ~ no growth, and, therefore no enzyme, could be obtained in the synthetic medium.
The conclusion seems justified therefore that, under the conditions of this experiment, the production of the specific enzyme by the SIII bacillus is conditioned by the presence in the medium of the capsular polysaccharide itself, or of the aldobionic acid derived from it.
Since the secretion of the specific enzyme seems to be a response to the presence of the capsular polysaccharide in the medium, it was of interest to establish whether the amount of enzyme formed would bear any relation to the concentration of the specific substrate in the medium. This medium was distributed in 30 cc. amounts in eight Erlenmeyer flasks (250 cc. capacity). To these flasks were added different amounts of specific substance to give final concentrations ranging from 0.01 per cent to 0.5 per cent. The media were inoculated with a young culture of the S III bacillus and incubated at 37°C. After incubation for 1 week, the cultures were filtered and the filtrates titrated for enzyme activity. The results of the titrations are given in Table II , and also the time required for complete decomposition of the capsular polysaccharide in the original culture.
Effect of the Concentration of Specific Substance in the Synthetic
The results of this experiment establish the fact that in the synthetic medium growth of the SIII bacillus is inhibited by concentrations of capsular polysaccharide higher than 0.3 to 0.4 per cent.
They also indicate that, whereas the yields of enzyme rapidly increase with increasing concentrations of specific substrate in the medium within the range of 0.01 per cent to 0.1 per cent, the yields begin to decrease when the concentration exceeds 0.1 per cent. This is an unexpected finding, and one is at first tempted to explain it in terms of the preceding observation, namely, that high concentrations of capsular polysaccharide are toxic to the organisms and the toxicity in some way may decrease the yield of enzyme. There are so far no facts to rule out this hypothesis, but another explanation suggests itself when the culture is followed microscopically from day to day. It has already been mentioned that the cells undergo autolysis very rapidly in the synthetic culture medium. In fact, in the present experiment, the cultures exhibited cell disruption and spore formation within 24 hours after inoculation, and, on the 3rd day, the spores far outnumbered the visible cells. It is known that, under such conditions, the enzyme is liberated into the medium. Now, the results given in Table II show that, at the higher concentrations of specific substrate, it took 3 to 4 days before the capsular polysaccharide was completely decomposed. We may, therefore, assume that for 2 days at least, free enzyme and undecomposed specific substance were simultaneously present in the medium. Under these conditions there occurred a decomposition of a portion of the capsular polysaccharide by the free enzyme and this decomposition was unrelated to the metabolic activity of the organism. During the process, inactivation of the enzyme liberated from the autolyzed cells occurred. The low yields of enzyme may, therefore, be due to these two causes: (a) loss of capsular polysaccharide and a resulting decreased amount of growth, (b) inactivation of the enzyme already formed. If such were the case, a possible solution of the problem would be to devise a medium in which the growth would be so rapid that complete decomposition of the polysaccharide would be obtained within 24 hours, while at the same time the rate of autolysis would be decreased so that the release of enzyme into the medium would be retarded. It is not necessary to report here all the modifications of--and additions to--the synthetic medium which were tested to determine this effect. Only those changes in procedure will be reported which have given a solution of the problem; i.e., addition of yeast extract to the medium and incubation of the cultures under conditions of increased aeration. The three cultures were separately filtered through Berkefeld filters (N) and the respective filtrates were tested for enzyme action. The readings of the titrations are reported in Table III. In the culture containing only the capsular polysaccharide in the mineral medium, the specific substrate was decomposed in 3 days, whereas the same result was obtained within 24 hours in the culture containing both polysaccharide and yeast extract.
Effect of Yeast Extract on the Yield of Specific Enzyme
Microscopic examinations revealed interesting differences between the three cultures. After 3 days incubation, only long, well formed bacilli were to be seen in the culture containing both capsular polysaccharide and yeast extract, whereas after 24 hours incubation, the other two cultures exhibited only spores and cell debris.
These results as well as the titrations of the filtrates given in Table  III clearly show that the addition of 0.1 per cent yeast extract to the synthetic medium increases the rate of decomposition of the capsular polysaccharide by the SIII bacillus, retards the process of autolysis, and increases tenfold the yield of specific enzyme from a definite amount of specific substrate. It is worth noting again that, although good growth was obtained in the medium containing the yeast extract alone, no specific enzyme could be detected, confirming once more the results obtained in Experiment 1.
Later experiments have shown that even smaller concentrations of yeast extract serve to bring about the same results. However, the results become less reliable when the concentration of yeast extract is less than 0.03 per cent.
It has been mentioned previously that the S III bacillus is an obligate aerobe. In fact, the aerobic character of this organism is so pronounced that the decomposition of the capsular polysaccharide is much slower when the culture is incubated in a test tube (5 cc. of medium per tube) than when it is exposed in shallow layers in a flask. The following experiment establishes the effect of the conditions of aeration on the rate of decomposition of the specific substance by the SIII bacillus, and on the yield of specific enzyme from the cultures.
The Effect of Aeration on the Yield of Specific Enzyme
Experiment 4.--The medium used was the basic mineral medium containing in addition 0.03 per cent yeast extract and 0.1 per cent specific substance. It was distributed in 15 cc. amounts into two Erleumeyer flasks (300 co. capacity) and two large test tubes of 3 cm. diameter. This provided conditions of aeration such that the surface area of the culture medium exposed to air was about 50 cm. ~ in the flasks, and 5 era3 in the tubes. Flasks and tubes were seeded with a heavy inoculum of a young culture of the SIII bacillus.
The specific substance was completely decomposed in 1 day in the flasks and in 2 days in the tubes. On the 3rd day, the culture filtrates were titrated for enzyme activity. The results of the titrations are given in Table IV .
Experiment 4 brings out the very striking facts that (1) as the surface area of the culture medium exposed to air was increased from 5 cm? to 50 cm?, the rate of decomposition of the capsular polysaccharide was doubled and (2) the yield of specific enzyme in the filtrate was increased tenfold. Although quantitative studies on the amount of growth will not be described here, it can be stated that, roughly speaking, the growth was also ten times heavier in the flasks than in the TABLE IV tubes. The emphasis to be placed on incubation of the cultures in shallow Iayers becomes still greater when one realizes that the conditions obtaining in the tubes would have been considered sufficiently aerobic for most common organisms, since the depth of culture fluid was less than 4 cm. and the medium itself did not have any appreciable reducing power.
Effect of Aeration on the Yield of Specific Enzyme from Cultures of the S III Bacillus Grown in the Presence of Capsular Polysaccharide
The SIII bacillus was originally isolated from a mixed culture growing at 37°C. However, the organism can also decompose the capsular polysaccharide at lower temperatures. The purpose of the following experiment was to establish the effect of incubation temperature on the rate of decomposition of the specific substrate and on the yield of specific enzyme.
Effect of Temperature of Incubation on the Rate of Decomposition of the Capsular Polysaccharicle and on the Yield of Specific Enzyme from the Culture
Experiment 5.--The medium used contained 0.1 per cent yeast extract and 0.1 per cent specific polysaccharide. It was distributed in 100 cc. amounts into three Blake bottles which, after inoculation with a young culture of the SIII bacillus, were incubated in the horizontal position so as to insure suitable conditions of aeration. The temperatures of incubation were respectively 37°C., 30°C., and room temperature. After 2 weeks incubation, 3 the cultures were filtered through Berkefeld filters (N) and the filtrates titrated for enzymatic activity (Table V) .
It appears from the results ( Table V) that, although the organisms grow more rapidly at 37°C. than at 30°C. the yield of enzyme is higher at the lower temperature. Room temperature is unfavorable, both from the point of view of rate of decomposition and yield of specific enzyme.
s The longer period of incubation in this experiment was necessary for the completion of autolysis in the culture at room temperature.
Effect of Length of Incubation and Filtration of the Culture on the Yield of Enzyme
It has been repeatedly mentioned that, as the result of autolysis, the specific enzyme is rapidly released into the medium. However, experience has shown that the greatest yield of enzyme is not obtained immediately after complete decomposition of the capsular polysaccharide, but a few days later. This point is now the object of further analysis and will not be discussed here. In routine procedure, the cultures are incubated for 7 to 14 days before filtration is carried out.
It is of obvious advantage to have the enzyme preparations as dear and ceU-free as possible. For this purpose, the autolysates are filtered through Berkefeld candles (N) before being tested. Titrations of enzyme potency of the preparations before and after filtration have always shown that there is no loss of activity during the process. This indicates that the enzyme is not adsorbed on the candle, at least not at the pH (7.0) at which filtration is carried out.
Concentration of the Enzyme Preparations
With the routine procedure now in use in this laboratory, the culture filtrate has an enzymatic activity which varies from 1 to 1.2 units per co. Attempts were made to concentrate the preparations by the following methods: (a) specific adsorption, (b) precipitation with alcohol and acetone, (c) distillation under reduced pressure, (d) ultrafiltra, tion.
The specific enzyme can be adsorbed with small amounts of kaolin, alumina gels, and bone charcoal, provided the adsorption experiments are carried out at alkaline pH. Unfortunately it has not yet been possible to recover the enzyme from the adsorbent and consequently this method has not as yet proved serviceable.
Precipitation with alcohol and acetone has been only partly successful since it is accompanied by the rapid inactivation of the enzyme (at room temperature at least).
Good results have been obtained by concentration under reduced pressure. During vacuum distillation, the water bath was maintained at a temperature below 35°C., and the vacuum was obtained with an oil pump. Under these conditions, the preparations could be con-centrated tenfold without any inactivation of the enzyme. The whole activity could be quantitatively recovered in the concentrate.
Equally successful results have been obtained by ultrafiltration; the optimum formula for the preparation of the membrane on alundum thimbles is as follows: With this membrane, the enzyme is retained in the ultrafilter and the filtrate is completely inactive. The ultrafiltrafion method has been adopted in preference to vacuum distillation. When properly carried out, it requires less care and has the special advantage of eliminating in the filtrate a considerable amount of the irrelevant material.
Effect of the Methods of Preparation of the Enzyme on Primary Toxicity
The protective action of the specific enzyme on Type III pneumococcus infections in mice has been described in a previous paper (3) . At that time, no primary toxicity of the preparations was observed in the treated animals. Up to 1.5 cc. of the enzyme preparations were injected intraperitoneally into normal mice without any apparent discomfort to the animals. The enzyme preparations then used had been prepared by growing the SIII bacillus in the mineral medium containing the capsular polysaccharlde as sole source of carbon.
Following the use of yeast extract in the medium, it was observed that the intraperitoneal injection of the enzyme into mice resulted in peritoneal irritation. The same preparation, when injected intravenously into normal rabbits, also exhibited marked toxicity--sudden rise in temperature--and at times death within 2 to 3 minutes after injection.
Two factors have been found to have a profound influence on the development of primary toxicity. Although yeast extract per se is not toxic, cultures in a medium containing this substance prove to be toxic. As a result of this observation, the amount of yeast extract in the medium has been reduced to the lowest possible concentration compatible with good yields of enzyme; as already mentioned, this minimum concentration is 0.03 per cent. On several occasions, toluene had been added to the culture medium after growth had developed so as to obtain a more complete lysis of the cells and more rapid release of the enzyme. All the preparations thus treated were highly toxic, even though every precaution had been taken to remove as completely as possible all traces of toluene before use in animals. It seems likely that toluene causes solution of some toxic cellular products which are otherwise retained by the Berkefeld filter.
Purification of the Enzyme Preparations
When the enzyme preparations are obtained by the routine technique now in use in this laboratory, the primary toxicity for normal rabbits is so low that it can be detected only when large amounts are injected. However, attempts were made to further decrease the toxicity by some method of purification.
Dialysis failed since both the enzyme and the toxic principles remain in the dialysate. Specific absorption of the enzyme could not be used since, as already mentioned, the active enzyme could not be recovered from the adsorbent.
A partial solution of the problem was found in devising conditions under which some of the toxic principles would be adsorbed and the active enzyme itself remain in solution. These conditions are fulfilled when a proper amount of aluminum gel (Willstiitter's Preparation C) is added to the enzyme previously adjusted to pH 5.5. After a few minutes contact, the supematant is separated from the gel by centrifugalization. The injection into normal rabbits of this supernatant, in which the specific enzyme is still present, does not affect the temperature and behavior of the animals any more than does a similar injection of normal saline. This technique has always given satisfactory results even when carried out on those preparations which were originally the most toxic. Further studies on the use of these purified preparations in rabbits are presented in the accompanying paper (4).
DISCUSSION
As already stated, the object of the studies described in this paper was of a purely practical nature; i.e., the development of a reliable technique for the preparation of a potent, purified enzyme, capable of decomposing the capsular polysaccharide of Type III Pneumococcus. However, the results have also brought out a few points of interest in the understanding of enzyme production by microorganisms in general.
First, it must be appreciated that the final yield of active enzyme may be no expression of the total amount of enzyme produced by the culture. Several cases have been described in this paper in which both the living microorganism and the enzyme already free in the medium compete for the specific substrate. It appears that conditions may prevail such that the specific substrate may be decomposed by the free enzyme without the microorganism benefiting thereby. This point must be considered in quantitative studies of enzyme production, especially when, as in this instance, the enzyme is quantitatively inactivated in the course of decomposition of the specific substrate.
The high yields of specific enzyme obtained by the addition of small amounts of yeast extract to the medium and by incubation in shallow layers have been traced to a more rapid decomposition of the capsular polysaccharide by the SIII bacillus, and a decreased rate of autolysis. Such factors prevent the enzyme released into the medium from expending itself--as it were on the capsular polysaccharide, thus leaving a larger part of the specific substance as utilizable source of energy for the growing microorganism. However, some more direct form of activation of enzyme production by the yeast extract and oxygen from the air cannot as yet be ruled out.
One cannot help being impressed by the tremendous stimulation of growth in all kinds of media under conditions of increased aeration. This stimulation always expresses itself in the synthesis of a much larger amount of bacterial protoplasm. In media containing the Type III capsular polysaccharide, increased aeration also results in a more rapid decomposition of this polysaccharide, and in larger yield of specific enzyme (Experiment 4).
Finally--and not least interesting--is the fact that, under the con-ditions described in Experiment 1, the presence of specific enzyme could be detected only when the medium contained the capsular polysaccharide itself, or the aldobionic acid derived from it. Suggestions of a similar nature are often found in the microbiological literature, but they are the object of much controversy. The case described here seems the more significant since, as already mentioned in a previous paper, the capsular polysaccharide is not an especially favorable source of energy for the S III bacillus, but is attacked only when no other available nutrient is present in the medium. Teleologically speaking, the secretion of the specific enzyme appears then as an emergency measure on the part of the bacterial cell otherwise deprived of growth energy.
SUMMARY An improved method is described for the preparation, concentration, and purification of a bacterial enzyme capable of decomposing the capsular polysaccharide of Type III Pneumococcus.
The cultural conditions for the growth of the specific microorganism must be such that the capsular polysaccharide is completely decomposed before any appreciable amount of free enzyme is released into the medium. This reduces to a minimum the decomposition of the specific substrate by the free enzyme. As a result, a larger part of the specific substance remains as a source of energy for the growing microorganism and less enzyme is lost through inactivation during the course of decomposition of the specific substrate.
A marked stimulation of growth and of enzyme production occurs when small amounts of yeast extract are added to the medium and when the cultures are incubated under conditions of increased aeration.
Special emphasis is placed upon the fact that, thus far, appreciable amounts of the specific enzyme have been obtained only when the capsular polysaccharide itself, or the aldobionic acid derived from it, was present in the culture medium. 
